The article addresses how the flow rates of an extruder can be optimized. It mentions the plastic recycling industry as an example, which is only one of many solid waste recycling industries. The literature on flow rates is reviewed to demonstrate a gap that the current study aims to fills, in the hope that it will stimulate further research in a fertile area.
INTRODUCTION
There is a growing concern among governments, consumers, and various stakeholders in the environment about the enormous amount of waste generated from materials either during the manufacturing process or at the disposal stage of finished goods [23] . Consequently, serious efforts are made by interest groups to refocus the attention of manufacturers on an improved manufacturing culture, dubbed "environmentally-conscious manufacturing" [21, 26] .
One of the measures adopted by governments is to ensure the compliance of manufacturing organizations by requiring statutory "environmental impact assessment" reports. Governments increasingly publicize the negative effects that environmentally unfriendly products have on current and future generations. To this end, they encourage recycling and recycling practices [8, 9] . For example, a strong indication of the "end-of-life directive" endorsed by the member states of the European Union is that, if resources are not recycled, a time may come when very limited resources remain available for human use [16] , and we suffer from shortages of these important resources.
Recycling industries face serious economic problems that increase the cost of recycling [1, 14, 18, 25] . In resolving this problem, a number of management strategies are adopted over time. Such strategies may include business process reengineering, downsizing, system restructuring, lean manufacturing, etc. All these strategies are aimed at optimizing the system variables through minimizing costs and maximizing profits. The extruder in a recycling plant is one of the most important components of the system that dictates the unit cost of production and thus the profit made by the system [27] . Adequate design and control of flow rates is obviously necessary in order to optimize the recycled product [3-5, 11, 13] . To the authors' knowledge, no documentation exists in this respect. This paper is therefore an attempt to model the flow rates of an extrusion process with particular reference to the plastic recycling industry.
RELATED LITERATURE
This section reviews the literature relevant to the subject surveyed here. In particular, studies that focus on extrusion are examined.
Kochhar and Parnaby [15] examine alternative methods for determining plastics extrusion process models, suitable for high level control. The authors demonstrate the importance of time-series techniques for feed forward control, and describe the results of an extrusion process experiment carried out on a single extruder used for processing polyethylene. Some results of exploratory control strategy simulations are included. Control of plastic pressure and temperature at the die is suggested as an effective indirect means of controlling die flow rate in most industrial situations.
In another study, the screening of variables for extrusion of rice flour employing a Placket-Burman design was carried out by Guha et al [12] . The variables include hardware variables (mixing disk and reverse pitch sinew elements), feed variables (moisture, sugar, salt and amylase contents, and particle size) and operating variables (barrel temperature, feed rate, and screw speed). The response functions were extrusion characteristics (torque, specific mechanical energy, and residence time), product attributes (water solubility index, water absorption index, and bulk density, peak viscosity, hot paste viscosity, and cold paste viscosity). The response functions were greatly affected by the hardware variables. A Plackett-Burman experimental design can serve as a useful tool for screening large numbers of variables and reducing the number of experiments.
In a noteworthy study, Govindasamy et al [7] investigated the single screw extruder as a bioreactor for sago starch hydrolysis. In particular, simultaneous pregelatinization and preliquefaction of sago starch with a thermostable amylase was carried out in a Brabender single screw extruder. Response surface methodology was employed to study the effects of processing conditions; feed moisture contact (21 -38%), enzyme concentrations (1.48 -6.52%) and mass temperatures in the compression and die zones (70. 5 -97.5 o C), on the properties of the extrudates. Twenty runs were carried out, based on a multifactorial composite rotatable design. Changes in the dextrose equivalent (DE), water solubility index (WSI), water absorption index (WAI), degree of gelatinization (DG), and high performance size exclusion chromatography (HPSEC) profiles were assessed. From the HPSEC profiles, the degree of degradation (DGR) and oligosaccharide content was calculated. Feed moisture content and enzyme concentration were found to be the most significant variables, affecting most of the measured physico-chemical properties. Hydrolysis of starch granules was the fundamental reaction that occurred during the extrusion process, as indicated by the higher DE, WSI, and oligosaccharide content; and correspondingly lower WAI, DG, and DGR. Product spectra from HPSEC showed that the amylopectin (AP) was preferentially degraded and amylose (AM) was apparently protected. The predominant oligosaccharide species were G3, G5, and G6.
Murdoch [20] studies the tritium inventory issues for future reactors: choicers, parameters, limits. The author determines the tritium inventory of an experimental fusion reactor or power plant for a broad range of factors, including plasma physics parameters, machine operating scenarios, the design of material selections for components (principally plasma facing components (PFCs) and elements of the fuel cycle), and system integration choices. The influences that these factors exert on tritium inventory, and the options available to designers to minimize tritium inventories in the plant as a whole -especially in vulnerable systems -are discussed in the paper. For power reactors, the potential trade-off between plant availability and the minimization of tritium inventory will be more critical than in experimental machines. The requirement to meet overall site release limits dictates that tritium inventories of larger machines now in detailed design (ITER) and conceptual (DEMO) phases cannot be permitted to scale linearly as a function of time-averaged fusion power from present generation machines. This necessitates the development of robust low-inventory processes, a concentrated effort on inventory segregation, the capability to follow inventory transfers between systems, and implementation of defensive in-depth measures such as multiple containments and engineered safety barriers throughout the plant. The progress which has been made on these topics in the last few years is reviewed, and areas where additional work is necessary are identified.
In their study, Garbriele et al [6] studied the optimal design of a single-screw extruder for liquorice candy production using a rheology based approach. The aim of this work was to investigate the rheological behaviour of liquorice extract, in order properly to design and optimize a single-screw extruder dedicated to liquorice production. A stress-shear rate law was determined and a simplified analysis of the extruder performance was carried out. The velocity profiles on the extruder channel were determined by using a numerical method, while a few geometrical parameters, like the channel depth and the helix angle, were optimized to obtain the maximum flow rate as a function of different operating conditions. A power law relationship between either the flow rate or the power consumption and the screw speed was established. The deviation from linearity was expressed by an exponent that in all the cases examined was found to be almost constant, and ranged from 1.22 to 1.30.
Martin et al [19] studied the rheological behaviour of an industrial talc-based paste featuring a solids volume fraction of 0.49, in a viscous aqueous surfactant solution using a form of capillary rheometry. Standard approaches for determining wall slip velocities yielded non-physical results, although the data could be correlated using the Jastrzebski wall slip condition. The material was also characterized using the Benbow-Bridgwater approach, and showed variations with in-die land diameter, which could not be correlated using simple corrections. The parameters obtained featured an accuracy of ±20%. Density measurements indicated that dilation and liquid-phase migration were important features of the flow, and that the stresses are chiefly borne by the liquid-phase. The flow behaviour is interpreted in terms of the component properties: the difficulty in rheological characterization is attributed to shear-induced re-orientation of the talc platelets during flow.
In a study by Cronin et al [2] , the effect of non-uniformity in the weights of an extruded food product on the efficiency of the subsequent packaging operation is analyzed. The focus is on reducing the overweight of the packs by better control over dispersion on product weight. Samples from industrially extruded food products are analyzed for variation in dimensional parameters and density. Variability in the product width dimension is shown to be the most significant source of weight variability. The control required over product width in order to obtain acceptable levels of pack overweight is quantified. It is not practically possible to eliminate product weight variability. Hence, alternative packing strategies that may be more successful in reducing the amount of product over-weight are examined.
Gontz et al [10] study the possible optimization of pastes and the relevant apparatus in process engineering by MRI flow experiments. In their paper, the spatially resolved determination of velocities in suspension by means of nuclear magnetic resonance (NMR) imaging (MRI) techniques is described and applied to steady tube flows (with regard to the total flow rate) in different geometries. Three types of suspension with different solid volume concentrations are examined to demonstrate the influence of the observed flow pattern. MRI makes it possible to study the flow of multiphase materials with various forms of contrast (e.g. spin density, relaxation and spectroscopic data, diffusive and convective transport) spatially resolved. Thus, even optically opaque suspensions can be studied in the interior of the material and the device. In this work the local probability distribution of single velocity components is determined. From this probability distribution, both the local mean value and the standard deviation can be derived. The standard deviation can be interpreted as the local dispersion coefficient of the velocity component.
We have reviewed wide-ranging studies on the extrusion process, with appreciable efforts made by previous scholars. Unfortunately, none of the studies captured in this literature review treated the particular subject of optimizing the plastic recycling extrusion process. This is a serious gap that the current study addresses.
MODELLING FRAMEWORK
In modelling the flow rates of an extruder (Q), a number of variables must be considered. In particular, eight variables are considered:
The variables are defined as follows:
In a previous work, the authors developed a framework for the plastic recycling paradigm based on a mathematical relationship between flow rate and the quantity of recycled material in a plastic recycling process [23] . The focus is on the extrusion process of the recycling system. The results indicate the dynamics of the system. The model discussed in this work is built on the framework proposed by the authors [23] . The model is defined as follows:
From the basic techniques of maximum and minimum values in calculus, there are two types of function that could be considered. One is when Q is only dependent on a single parameter -say, A (i.e. Q f(A)). The other is when Q is dependent on two parameters -say, A and B (i.e. Q = f (A,B) ).
In this case, for effectiveness, it is more accurate to apply the second type of function, where Q is dependent on two parameters. The choice of these parameters depends on which ones the model depends upon most. However, from the alreadycited paper by the authors [23] , the two top parameters are channel depth (h) and channel width (w). These two were tested for points of turning, but the results were only mathematically reasonable, not practicable in the industry. For this reason, it was considered better to reduce this to a single variable function.
From the sensitivity analysis, it was established that the parameter that the model is most sensitive to is the channel depth, h. It was also observed that the gradient of the channel depth, h, either when increased or reduced, was much more than that of the next parameter -channel width, w. For this reason, it can be assumed that Q is only dependent on the variable h. Therefore, Q is a function of h (i.e. Q = f(h)).
Consider a function of the form Q = f(h).
Since Q = In engineering practice, the negative part is neglected since it is not practicable. 
Verification with assumed realistic data
The data are as follows: 
Effect of optimization on model performance
The effect of optimizing the model can best be evaluated by considering the difference between the original value of the flow rate and the optimized value. To achieve the purpose of generalization in order to be applicable to any situation in practice, it is best evaluated as a percentage. 
IMPLICATIONS FOR DECISION MAKING
In any recycling process that involves the use of an extruder, a flow rate, Q, is usually expected from the machine. From this optimization analysis, it has been discovered that the flow rate, Q, can be increased by 15.87% only by increasing the channel depth, h, by 47.1%. This increase in flow rate will increase the quantity of the recycled products that will invariably increase the profit of the company within a specified period. In addition, if a deadline is given to produce a certain quantity of recycled product, this will assist the company to meet the deadline.
The cost of achieving an optimized flow rate has also been greatly reduced. This is best discussed in considering the number of actual parameters involved within the machine. If all eight parameters were to be adjusted to attain optimization, the cost would be excessive. If a single parameter is changed to achieve the same result in optimization, then the cost involved is greatly reduced.
The optimized model has been developed to become a function dependent on seven parameters, as against the original model which was dependent on eight parameters. The eighth parameter -channel depth, h -was used for optimization, and it no longer appears as a parameter. It should be noted that this is only applicable in situations where the channel depth has been increased by 47.1% for the purpose of optimizing the model.
SENSITIVITY ANALYSIS OF OPTIMIZED MODEL
The optimized model obtained after maximizing the original model is:
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This model is applicable only to extruder processes. Extensive work needs to be done by future investigators to determine its applicability to recycling systems in general. For the purpose of comparing the optimized model with the original model from Popoola and Oke [23] , sensitivity analysis is carried out on the optimized model [22, 24] . These computations are shown in the Appendix for each varying parameter. The evaluated gradients at 50% reduction and 150% increment are therefore tabulated below. The only parameters that follow the same order are the last three parameters: metering zone length, L; apparent viscosity, μ a ; pressure, P.
It is also noticeable from the patterns of the various graphs that the four parametersscrew diameter, D; channel width, w; screw speed, N; and Pressure, P, which in the original model were of similar patterns (linear graph) -no longer follow the same pattern. Only the channel width, w, remains a linear graph.
In the optimized model, the screw diameter, D and screw speed, N reflect the same pattern. Metering zone length, L, apparent viscosity, μ a , and pressure, P also reflects the same pattern. The helix angle θ reflects a different pattern from other parameters.
DISCUSSION OF RESULTS
For every developed mathematical model, the determination of maximum and minimum values has been found very useful. In the work, the same principles have been applied, and good results have been obtained. The developed model was extended to the maximization of the flow rate. This is the aim of every producer: to be able to achieve maximum production with the available input materials. In the process of optimization, it was thought that if the two parameters that the models are most sensitive to were examined closely, the results obtained might not be applicable in the industry. For these reasons, only the parameters that are most sensitive to channel depth were finally considered.
After the optimization, it was observed that the parameter was no longer present in it. This implied that the optimized model is no longer dependant on the value of the channel depth.
CONCLUSIONS
Economics tell us that resources are scarce. It is therefore not advisable to keep the model just the way it has been developed without any further consideration or extension. This warranted the extended maximization of the model. This aspect of the work investigates the possible value of the parameter to which the model is most sensitive, which will result in the maximum possible flow rate without necessarily changing the input or materials.
Increasing order Decreasing order
The contribution of this work is therefore measured by its ability to produce the maximum flow rate from the same input materials. The model developed is suited to the recycling industry -in particular, the plastic recycling system. It produces a maximum flow rate from the same input material. As a result, the process saves a lot of time and simultaneously meets the demands of the customer. The application of the optimized model assures that the recycler is being used to obtain the maximum production possible. It increases the production and, in the long run, favours the recycler in two significant ways: (i) maximizing profit, and (ii) retaining customers' goodwill.
APPENDIX: Sensitivity analysis on the optimized model ( ) 
